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SUMMARY : e

Temperatures of a. turbosupercharger rotor were measured in flight
Tor a varlety of condltions by thermocouples, the leads of which
were brought away from the turbine by means of rotating slip rings
and stationary brushes, —_

A consistent and almost linear relatlon was shown between
turbine temperature at the outer edge of the rim and the effective
exhaust-gas temperature at the surfaces of the blades on three
successive flights at cruising power, Similar, bubt not so well
defined, variatlons were obtalned at two other power conditions.
During fligata at numerous power conditions, turbine temperatures
varied widely and no acceptable method of correlation could be
determined,

It was estimated that the maximum temperature at the rim of the
rotor at rated altitude would be aepproximately 1175° F for this
particular installation.

INTRODUCTION

The high rotational speeds at which a turbosupercharger oper-
ates impose large stresses on the turbine, vwhereas the extreme
temperatures encountered reduce the ability of the turbhine to with-
gtand those stresses. The most critical conditions exist along the
blades becauge they are continually immersed in esxhaust gases at
temperatures higher than those at which present commercial materials
can maintain the strength required in current applications., Suffi- = _
cient cooling must be provided to keep the blade temperatures within
safe 1limits, As trends toward greater speeds and higher exXhaust
temperatures progress, the problem of providing adequate cooling
becomes more critical.
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An investigation was undertaken by the NACA to evaluate the
effecta of the variocus factors involved upon turbine temperatures.
The proposed investigation included the measurement of turbine
temperatueres in flight uwnder a variety of opersting conditions, the
debermination cf "the effects of individusl factors upon turbine
temmeratures by means of a series of ground tests in an altitude
cherber, and an analysis and corrselation .of the datg cobtained during
tnese two nhases. The turbine temperatures measured in flight are
reported hereln. !

For the flight program the Army Alr Corps recommended an alr-
plane on the basis of satisfactory turbogupercharger performance
over an extended period of service. A means of measuring twrbine
temperatures was devisged, bench-teatod, and installed. The ensuing
flights were made at the ‘NACA Langley Figld luboratory during 1942
but the information as origmnally releaséd recelved very limited
distribution, i

Meintenance problems not associated with the experimental appa-
ratus led to the termination of the flight investigation before
camnletion of the program. Data at the rated altitude of the turbo-
supercharger are therefore mesgei, :

TEST INSTALLATION

Test equipment. - Turbine temperatures were measured on a
commercial turocosupercharger installed in a single-ongine pursuit—
aliplane., The turbosupercharger vas locatod on the under side of
the fuselage directly beneath the engineh the rotor snd e portion
of the nozzle box extended beyond the cowling into the gir stream.

The ocooling cep originally furnished with the turbosupercharger

was & conventional convection-type cap, whilch directed a stream of
eir agalnet the riw of the turbine. It was necessary to redesign
the cap to mrovide room for the turdine-temperature measuring appa-
ratus. TPassage area through the redesigned cap was adJusted to gilve
cooling-air flowa equal to those of the driginal cap wlth equal
pressure drops acrosgs the two. Figure 1 shows the redesigned cap
in position. T

A bleeder was Ilnstalled in the alr duct leading from the turbo-
supercharger compressor cutlet to the carburstor to meke possible a
variation in turbosupercharger .load indepondent of engine conditions,

Ingtrumentation., - Chromel-alumel thermocouples werse used %o
measure the temperatures at four points on the outer surface of the
turbine dlsk. Three of these pointas weres located on the rim of the
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disk at 42%-, 4%%-, and 4;%-inch radii; the fourth polnt was at a
raiius of 22 inches. : - -

The thermocounles were of 28-gege oxide-coated wires that were
individually welded to the surface of the turbine at the hot junction.
Each pair of leads was encased in 0.050-inch outside-diameter
gtainless-steel tubing into which & ceramic cement was forced under
pressure to serve as an insulatcr. These tubes were clamped to the
outer surface of the turbine. T

Thermocouple leads were brought away from the turbine through
rotating chromel and alumel slip rings and statlonary brushes of the

same materials. The slip rings had an outsids diamg#gr of l%% inches

and the brushes were -é‘—-inch-diar;ater bubttons. The brushes were mounted

on 2%~inc‘ spring-steel arms and were designed to contact the sides

rather then the rims of the rings. Contact wes made only during the
periods in which turbine temperatures were takén. Figure 2 shows

the thermocouples and slip rings installed on the turbine. The

brush assembly is also shown. Thermal electromotive Forces from
these turbine thermocouples were teken by a null method with a small
notentiometsr mounted in the cockplt of the alrplane for this purpose.

Scme idea of the magnitude and distribution of temperatures in
the gases between the cooling cap and the turbine rotor was obtained
from 12 chromel-alumel thermocouples inastalled in that spacs. Each
pair of 28-gage thexmocourle leads was encased in an 0.050-inch -
outside-diemeter stainless-steel tube with a filler of ceramic
cement. These thermocouple tubes were clamped to the outside surface
of the cap and, at the desired locations (fig. 3), were allowed to
rroject through drilled holes approximately one—elgh th inch into
the space between the cap and the turbine rotor.

The veloclity head in the cooling-cap inlet was measured by two
static taps and a ‘total-head tube located in the circular inlet -

section ZI.'3 inches from the entrance. A sea-level calilbration of

welght flcw agairst velocity head served as the basils from which :
weight flow at altlitude wes calculated. _ T

Exhaust-gas temperatures weore obtained 4 inches upstream of
the nozzle-box lnlet by means of a guadruple~shielded chromsl-glumel
thermocouple.
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A straight secticn z:éL inches in diameter and 40 inches in

length was incorporated in the bleeder duct to insure suitable flow
conditions at a measuring plane, A static tap, a total-heasd tube
ingorited to one-third the duct diameter, and a thermocouple were
uged to obtaln date from which bleeder gir welght flow could be
calculated., A butterfly valve controlled from the cockpit permitted
rogulation of the alr flow in £light,

The temperature rise through the compressor was obtained from
unshielded chromel-alumel btheimocouples in the inlet and outlet ducta.
This value was used to calculate the approximate power required by
the campressor.

Electromotive forces from all of the thermocouples except those
on the turbine dilsk were aubomatically récorded at least once s
minvte, TIn addition, autamatic pressure’ recorders were used to ob-
taln & continuous record of the following varilablea:

Indicated air speed

Velcoclty head In cooling-cap 1nlet
Manifold presgure _
Veolocity head 1in bleedsexr duct
Bleeder~-duct static pressure

On all pressw'e and teumperature recdérds, a timing device marked
l-gecond intervals in order that an accufate time relatlon could dbe
establisied, All automatic apparatus wasg electrically driven and
controlled from & single swltch in the cockplt, This switch was
momentarily tripped each tims a turbins taupsrature was taken and
the resulting traces on the films in the recordera were used to es-
tablish the time relastion between turbine temperature and other data,

Values for the following varilables were read from indicating
instruments in the cockplt before and after each run:

Engine apeed
A1ltitude

Turbine speed
Free-alr teumperaturs
Nozzle-box pressure
Fuel consumption
Totel pressure = ccmpressor-inlet duct
Static pressure - compressgor-outlet duct
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TESTS

Test procedure, - Seventeen test flights were mads, During the
first nine flights, when the desired altitude was reached, the air-
Plane was leveled off, a designated power condition was established,
and 5 minutes was allowed for temperatures to approach eguilibrium,
During this period, such readings as were not automatically recorded
were noted by the pillot. At the end of the per .l.uu., the electromotive
forces of ths four turbine thermocouples were taken in rotation a
number of times, TIndicating instruments were read and recorded again
at the end of the run, The asutomatic recorders were allowed to .
operate for 1 minute before and during the period in which turbine-
temperature data were taken. As each turbine-temperature reading
was mede, the recorders were momentarily turned off; the resultant
break in the film record was used to establish the time relation
among the various data.

Ag military power could not be continuously maintained for more
than 5 minutes, the time allowed for turbine temperatures to approach

equilibrium was reduced to 2- minutes during runs at this power

condition. As much turbine-temperature data as possible were obtained
in the remaining time.

Because of the frequent wide variations in successive tempera-
ture readings at a given point on the turbine during the first nins
flights, more frequent readings were obtained from the thermocouple
at the greatest radius even though it meant getting 1ittle or no

ta from the other thermocouples, Accordingly, on flight 10 and
thereafter dats were taeken on this basis,

The bleeder was instelled In the duct between the compressor
end the cerburetor only for flight 15. ) o

Tesgt conditions, - Turbine temperstures were obsgerved at an
altitude of approximately 15,000 feet at various power conditlons
over the entire operating range of the engine. Runs wdrs mmde at
cruising, rated, and military powers and at intermediate power
conditions. At crulsing power where operabting procedure permitted
leaning out the fuel-air mixture, runs were made wlth varlous
mixture-control settings from full rich to automatic lean; thus, a
wlde range of exhaust temperatures was obtained, On a single flight
at rated power, three runs were made at mixture strengths covering
as wilde a range as feasible, Runs at three different mixturs
strengths were made at cruising power while & constant additional
load wae imposed on the turbosupercharger by bleeding air from the
induction system between the turbosupercharger and the carburetor,
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A1l dave were obtained in level flight because 1t proved impos-
sible %o maintain a glven set of conditions in climbd while talking
turbine-temperature deta. Table I gives the conditilons under which
each run was made. :

CALCULATTIONS
Cooling-alr flow, - A gea-level calibration of weight flow
againet velocity head In the cooling-cap 'Inlet was used as the basis

for calculating cooling-alr weight flows at altitude, TFor equal
velocity heads, it follows ithatb

Vo1 _}\/PlTO i
Yoo ¥ FoT1

W, air flow through cooling cap, (1lb/sec)

vhere

P total pressure in cooling-cap inlet, (1b/sg in.)
T total temperature in cooling-cap Inlet, Sgr

Subscripte 0 and 1 denote ssa-level and altitads conditiona, respec-
tively. T

Subgtituting the values prevalling durlng the goa-levaol cali-
brations for P and TO ¥ields

0
(~1
Wy = 0.51 Vg 7

Power reguired by compressor, - The compressor power requiroments
wvere caloulated fiom the measured temperature rise across the compressor
and the charge-eir welght flow as determined from a calibratiaon by
G, L. Sanwald at the Naval Alr Msterisl center (Dhiladelphia) in 1940
by the following squatvlon:

Rwe AT_C'_

A
hp =2 555
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where
v ratio of specific heats
R gas constant for normal air, (ft-1b)/(1ld mass) (°F)

LR engine charge air, (1b/sec)
AT,  temperature rise througb caupressor, Op

Effective exhaust-gas temperature at blade surfaces. - In the
calculation of the gas temperatuse at the blade surfaces, the nozzle-
box temperature was taken as the value measured Just ahsad of the
inlet, the temperature drop through the nozzles was taken ag 85 per-
cent of the adisbatic drop encountered in expending from nozzle-box
pressure to the pressure of the surrounding atmosphere, and a recovery
coeflficlent of 85 percent wvas assumed at the blade surfaces, It
then followved that

T —
VLA 0.85v"
'I‘e--.='I‘n—0.85'1‘_._,l l-(—lg;l) -E-Jrg-g;

waere

Tg effective gas temperature at blade surfaces, °r

T_ nozzle-box inlet temperature, °R

n nozzle-box pressure, (lb/sq in.)

v gas velocity relative to turbine blades, (ft/sec).
J mechanical equivalent of heat, (ft~1b)/Btu

g accelerstion of gravity, (£t/sec?)

c, specific heat of exhaust gases, Btu/ (1p) (°F)

The laboratory development work on the turbine-thermocouple .
apparatus indicated that the errors introduced into the temperature o
mesgurements by the sliding contacts between brushes and alip rings
were within #25° F at the rated turbine speed of 21,300 rpm.

Lfter a change in the flight conditions affecting turbine _
temperature, i1t was not feasible to allow sufficient time for the ~
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&disk temperatures to reach equilibrium. Bubsequent ground tests in
ann altitude chamber (reference 1) indicated that it would require
et least 1 hour to reach squilibrium. Dubine the ground teats,

however, values WLthln 10° ¥ of equillb”ium.were reached at tie inner

edge of the rim (4——-1n. raiius) and middle of the rim (4~—-in

radius) in apnroximately 30 and 19 minutes, regpectively. Flight
tests showed that 5 minuteg werse SLff*cient for the temperature at
the outer edige of the rim +v reach an apparently_Sueady velue. (Seo
£iz. 4.) Thesa considerations would indicate tha% tle 5-minute
neriod uged in flight was gufficient to ailow the ocuter edge and the
middle of tas rim to reach temperatures near enough equilibrium to
bYe revresentative of the conditions under which they were measured.
Data from the thermocouple at the inner edge of the rim are less

roliable and datea at tha 2%-inch radins aie of little value,

The greater number of temperature reélings telen at a given
2oint on the turbine during each run of flxghts 10 to 16 assured
more nearly renvesentative average teuwperatures. These data are
therefore more reliable than the data of other flights.

The exhaust-gas temperatureos measured at the nozzle-box inlet
were subjsct to several errors. Radlation and conduction of heat
away from the tiy of the thermocouple shedth resulted in a hot-
Junction temnerature below that of the stroundlng gases, According
to the manufachurer's tests, the quad*uple ~ghieldsed thermocounle
ghould indicate temweratures fram 0° to 24° F below actual gas
temperatures, o attewpt was made to ch edk these values. Recording

and reading f£1lm records introduced another ‘pogsible error of approxi-

mately 42 percent or +30° ¥. Treso errord are naturally rellected
inn the caelculatad effective gas tenmper a+urea at the turbine-blade
surfaces. In addition, the errors involvad in determining the
pressure Arons across the nozzles add another +10° F,

Ik
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The accuracies to which other values wore determired are given
in the Tollowing table: '

Cooling-alr flor, Perecent + & 4 o ¢ o 2 o ¢ o s s o 2 s ¢« « o« *10

Tnuine 8L8ed, THM o ¢ o s s o o s 5 a2 e 8 s s s s e % e » s o a +30
Torpine sneed, ML o o o o s o o o 5 s s s s sTa s e s+ o« .+ *250
ATEstude, PEEL . 4 4 4 4 v v v 4 s e s e s s o w sou o v e s £250
Manifold pressure, B, HE « ¢« o ¢ ¢ ¢ s ¢ o o o o o o o« s » « *0,3
Nozzle-box pressure, im. HE « « v &+ v o« o ¢ o s « o o o » o« o 0.3
Bleeder-duct static pressura, In, Hg . . . . . . .« + + .+ « + £0.1

Bleedsr-duct velocity head, In. water . . . . « + « « v + « «» 0,1
Compressor-inlet pressure, In. Hg « « « + v 4+ ¢ ¢« ¢« . o . . *0,25
Compressor-outlet Dressure, in. HBE .« « « « « o &« o o o v+« £0.4
Ailr tomperatures, "I o « + o + o o o s o o o« o 0+ 8 0 4 44 £6

RESULTS AWD DISCUSSION

Tho eéffect of variations in exhaust-gas tempsrature upon
turnire temperature at the outer edge of -the rim.(égg—in. radiue)

ig shown for five flighte at an altitude of appyroximately 15,000 feet
in figure 5. At cruising power flighis 3, 10, and 12 wore mads

under the samo conditions with no air flow through the bleeder duct
and show a consistent, alwmost lipecar, relatlon betwesn these tempora-
tures. Average turbine bemperatures during these Tlights fell with-
in +25° F of a mean curve when plotted against exhaust-zas tempera-
tures at the blade surfaces. When the same engine rower was main-
tained and the load on the turbos@srcharger was incrcased approxi-
mately 50 porcent (flight 15) by bleeding air from the high-pressure
side of the compressor, the. turbine btemperatures varied with exhaust
temneratures at the blade surfaces &t nesrly the same rate as at
cruising nower.

At higher engime powors, opcrating considerations made it
lunracticabls to vary aporeclably the fuel-air ratio and honce the
oxhausi-gas tommorature. During flight 13 at 115-percemt rated
onginc powver, & variation of 80° ¥ was as ¥ide a change in exhaust-
ses tenporaturc as was feasible to obtain. In this interval the
turbine tomporature changed moro ranldly with oxbaust-gas tempora-
ture than at cruising jowerr. BRBocause of the narrow tomperaturs
ranze involvod, howsvor, this increased rate of change has little
gignificance. -

The power demand upon the turbosupercharger was increased _
during flight 15 by bleeding air from the compressor-outlet duct.
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The turbine temperatures at the outer edge of the rim averaged

140° F above those .observed at comparable erhaust-gas temperatures
during flight 12 (flg 5). TInasmuch as dngine power conditions

were the same on both flights, alrspeed, ‘and hence air flow through
the cooling cap, were almost the same. Turbine spesd during

Flight 15 was 8 percent aigher; thus - the effectiveness of the cooling
air was increased due to its higher vslodlty relative to the turbine
aisk. Aside from tie differonces due to this increased effechivenvss
of cooling air, the diffaerences in turbine temperatures were dus to
factors resulting from the increesed turbine load; namely, the
increese in mass flow of exhaust geses through the turbine and the
higher relative velacity of these gases wilth respect to the blades,

Duxing Flight 13 at 115-peircent vated englne power, the offect
of the increased mass flow through the turbine was partly offset
by the greater massg flow of coolling sir rgsulting from the higher
air gpeed. Ths burbosupercharger load "ab 25 percent above that of
flight 12 and the cooling-aly flow 1ncreased 15 percsnt. Increases
of 45° to 75° F over the turbine temperatiires of flight 12 were
observed at comvarable exhmust temperatures,

Turbine btemmeratures at the edge of the rim.(égg-in. radius)

for a wide variety of conditlons have beeﬁ plotted against the
effective exhaust-gas temperatuires at the blade surfaces in figure 6.
Teble I pregents the conditions for each run. The rated-power and
the cruising-power runs nreviously alscussed have been replotted

in figrre 6 for comparigon.

At an altitude of apnroximately 25,000 feet, three successful
runs were made, whilch gave turbine tenﬂe'atures af 1074o 1069°
and 1059° T at the outer edge of the rim for Trated, cruising and
an intermediate power, respsctively. (See fig. 4(d), 4(e), and 4(f)
end table I, flight 16.) Temperatures at;the wmiddle of the rim
were ob'ba*ned at that altitude on flights 14 and 16. (See table I.)

Turbine temperatures were obbained for altitudes of approximately
10,000 and 20,000 fest at aobvoximately r&ted power durlng flights 1
and 2, (See tanie I.)

The ‘“ewperature distribution in the gases between the cooling
ca» and the outer surface of the turbine 1s shown for four sets of
conditions in figure 7. The average hempersture in thils reglon is
gshowvn in figure & for all flights after flight 8.

Exhaustive attempts have been made to corralate the effects of
the verious factors upon. turbine temperatures but the data are
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inadequate, Correctionsg basedi upon the altitude-chember tests of
referencs 1 were ineffective.

Trhe wide temperature varlations observed during flight S
(fig. 6) may have been due to excessive temperatures of the gases
between the cooling cap and the outer surface of the turbine,
nogsibly as a result of afterburuing Because this extreme tempera—
ture varlation &id not occur U.bU.J..LL’ no conclusions as to its cause
can be drawn. A marked resemblance exists between the plot of
turbine temuwerature against exliaust-gas temperature in figure 5 and
the nlot of gas temperature between the cooling cap and the rotor
ageinst exhaust-gas temverature curves in figure & insofar as the
normal cruising-power flights are concerned. The differsences in
rovor temperatures during flights 10 and 12 and the differences
between average gas temperatures hetween the cooling cap and the rqtor'
are of the same order of megnitude. This gimilarity may offer an
exyianation of the differences in turbine btemperatures during these
two flights. The variations observed in the cooling-air flow and
the power required by the compressor do not account for these
differences.

The maximun turbine btemperatures occurri in normal operation
would be expected at rated altituie (25,000 f£i) under cruising
conditions with the leanest mixture permisaible, No turbine-tempera-
ture data were obtained Gurirng the single run attempted under these
conditions., A turbine temperaturse of 1069° F vas obtained, however,
during & rich-mixture run at crulsing power at an altitude of
25,000 feet, If the variation of turblne tempjerature with exhaust-
gas temperature is of the same order aa observed at an altitude of

15,000 feet, the turbine temperature at 435-1nch radius under lean-

mixtgre cruising conditions at 25,000 feet would bse apuroximataly
1175~ 7,

Aircraft Englne Researcn Leborstory,
Iational Advisory Committee for Aeronautics, :
Clevaland, Ohio, July 22, 154S. .- -
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Figure t. — Turbosupercharger with
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NACA TN No. 1159 _ Fig. 3

Direction
of flight
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+ Thermocoupie

Figure 3. — Location of thermocouples between cooling cap
and turbine rotor.
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